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^ Remarks 

Acceptance of this preliminary submitted amendment in connection with a 
first official First Examination on the Merits is respectfully requested. Moreover, 
favorable action on the above-identified application in view of this submission is 
also respectfully requested. 

The revisions to the Specification are being effected by submission of a 
Substitute Specification, enclosed herewith as Attachment A. Also enclosed 
(see Attachment B) is a marked-up version of the original Specification directed 
thereto). The revisions implemented in the Specification are inclusive of all 
earlier effected revisions in the Specification with regard to the prior original 
application (in the corresponding series of continuing files) along with any 
additional corrective/remedial changes currently implemented. It is submitted, 
new matter is not being added with regard to the Substitute Specification, either 
by addition and/or deletion. 

By the above-made amendments, also, original submitted claims 1-12 
were substituted by the newly presented claims 13-34. 

Basically, the substitute claims further clarify the structural/operational 
particularities of the subject matter covered by the original claims including in a 
manner which is clearly defining over the art documents of record including as 
previously applied. For example, independent claim 13 sets forth a complex 
semiconductor device scheme such as that related to the example embodiments 
shown in Figs. 1A-1B, 5A-5B, 6A-6B and 7A-7B, although not limited thereto. In 
Figs. 7A-7B, the nonlinear element is shown by MOSFET M4 with the gate 
thereof coupled to the source (see regions 1,11 and 18 and insulated gate G2). 
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As to new independent claim 19, an example thereof is shown with regard to the 
disclosed example embodiment of Figs. 8A-8B, although not limited thereto. 
Regarding new independent claim 25, further, an example thereof is shown with 
regard to Figs. 9A-9B, in which the first through the fifth semiconductor regions 
are shown by regions 3, 1 (1 and 2), 9 (9 and 8), 6 and 20, respectively. It is 
noted, however, the set forth complex semiconductor device scheme according 
to independent claim 25 also covers other ones of the disclosed embodiments 
(although not limited thereto) noting that they all contain semiconductor regions 
which meet the criteria set forth in that claim. Dependent claims 32-34 further 
characterize the set forth complex semiconductor devices as being contained in 
a power conversion apparatus such as shown in Fig. 10, as one example 
thereof. 

Various details of the present claimed subject matter such as set forth in 
the respective dependent claim groups can be seen by the various details shown 
in the disclosed example embodiments. In this regard, dependent claims cover 
schemes pertaining to the types of nonlinear element that may be employed to 
meet the set forth conditions presented in the "wherein" clause of each of the 
independent claims as well as additional details such as concerning the 
relationship of the first and second claimed electrodes to that of the collector 
electrode and the emitter electrode of the complex semiconductor device, 
respectively. It is submitted, such a scheme could not have been realizable 
even in view of the combined teachings of the earlier cited art documents with 
regard to the prior applications of the present application. 

A key featured aspect of the present invention concerns the operative 
connection as well as characteristics associated with the claimed nonlinear 
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element, which may be, for example, one or more Zener diodes or a field effect 
transistor operatively connected as presently claimed, although not necessarily 
limited thereto. In addition to effecting further clarification of the structural details 
regarding the set forth semiconductor regions of the corresponding 
semiconductor body, in which the first and second main surfaces thereof are on 
opposing sides of the semiconductor body, the claims now further characterize 
the invention in that the nonlinear element switches from a high impedance 
substantially OFF state to a low impedance substantially ON state when an 
applied voltage between the first electrode (or collector electrode) and the 
second electrode (or emitter electrode) is higher than the voltage applied 
when the complex semiconductor device is conducting its rated current 
during a normal ON state thereof 

According to Neubrand et al (USP 5,587,595), a diode is provided 
between the p-base layer and the cathode electrode in the MOS control thyristor 
to prevent high voltage destruction. However, the details of the specific 
characteristics of that diode are not described therein. Typically, diodes are 
used as protection elements against voltages that exceed the withstand voltage 
of the semiconductor element being protected. Accordingly, such a diode 
necessarily has a withstand voltage which is less than the withstand voltage of 
the semiconductor element. 

According to the present invention, however, the turn-on voltage of the 
"nonlinear element" is set to a value higher than the voltage applied to achieve a 
rated current of the device during a normal ON state thereof, as that now set 
forth in each of the independent claims 13, 19 and 25. With regard to 
independent claim 1 3, the nonlinear element connects the fourth semiconductor 
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region (e.g., p-base layer 11 in Fig. 1A) and the second electrode (e.g., emitter 
electrode). With regard to independent claim 19, the connection of the nonlinear 
element with that of the third semiconductor region (e.g., p region 9) and the 
second electrode (e.g., emitter electrode 12) covers a scheme such as that 
shown by the example Fig. 8A-8B embodiment, although not limited thereto. As 
it relates to the Fig. 9A example embodiment, the Zener diode D1 effects a 
connection between the n1+ layer 6 and the p3 layer 20, consistent with that 
called for in independent claim 25. 

Iwamuro et al likewise failed to teach a scheme which calls for a nonlinear 
element such as that characterized in each of claims 13+, 19+ and 25+ 
according to that now set forth. It is submitted, applicants also consider the 
present claimed subject matter as patentably defining over other ones of the 
previously cited references including Lilja et al (USP 5,286,981), Otsuki et al 
(USP 5,378,903) and Kobayashi et al (JP 07-335859). It is submitted, a complex 
semiconductor device as well as a power inverter which employs one or more 
such complex semiconductor device as that presently set forth could not have 
been realized from the teachings of these previously cited references, even in 
view of their combined teachings. 

Examination as well as favorable action therefor of the present claimed 
subject matter and an early formal notification of allowability of the above- 
identified application is respectfully requested. 

Kindly charge any shortage in the fees due in connection with the filing of 
this paper, to the Deposit Account of Antonelli, Terry, Stout & Kraus, LLP, Dep. 
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Acct. No. 01-2135 (503.38071 CC2), and please credit any excess fees to such 



deposit account. 

Respectfully submitted, 

ANTONELLI, TERRY, STOUT & KRAUS, LLP 




(703)312-6600 

Enclosures: Attachments A and B 
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Jfc/ SUBSTITUTE SPECIFICATION 



ATTACHMENT B 
Marked-Up Version Showing Changes Made 



TITLE OF THE INVENTION 

COMPLEX SEMICONDUCTOR DEVICE AND ELECTRIC POWER 
CONVERSION APPARATUS USING IT 

[0001] This Application is a continuation of U.S. Application Serial No. 10/372,402, 

filed February 25, 2003 which, in turn, is a continuation of U.S. Application Serial No. 

09/462,563, filed January 10, 2000, which is the National Stage of International 

Application PCT/JP99/01989, filed April 14, 1999, and the entire disclosures of which 

are hereby incorporated by reference. 

BACKGROUND OF THE INVENTION 

[0002] The present invention is related to a complex semiconductor device that can 
be turned ON and OFF by an MIS (Metal Insulator Semiconductor) gate, has a 
resistive loss in the ON state, and is suitable for large current operation, and A in 
particular, is related to a complex semiconductor device having a low loss as well as 
a wide safe operating region, and to an electric power conversion apparatus using it. 
[0003] Because of the requirements of higher performance of electric power 
conversion apparatuses such as inverters, it has become desirable to develop 
semiconductor switching devices with high speeds, low losses, and large current 
capacities. In the recent years, the device in which a thyristor is controlled by an MIS 
gate (MIS controlled thyristor) has drawn a lot of attention as a semiconductor 
switching device capable of meeting these requirements. Since such an MIS 
controlled thyristor can realize lower ON voltages compared to an IGBT 



(Insulated Gate Bipolar Transistor) A in which an MIS gate controls a bipolar 
transistor, the resistive loss in the ON state is low and is suitable for higher 
breakdown voltage applications. The MIS controlled thyristor, in which a MISFET is 
connected in series with a thyristor and switching is done by making the current path 
of the thyristor conductive or non-conductive using this MISFET, is suitable for 
application to large currents because there is less likelihood of the current being 
concentrated in a single device due to the current limiting action of the series 
connected MISFET, even when the devices are integrated and are made to operate 
in parallel. In addition, it is easier for the thyristor to become ON and reduction in the 
resistive loss can be expected, particularly in a device having a structure such that 
the p-base layer of the thyristor goes to the floating voltage condition in the ON state. 
[0004] Devices of this type have been discussed, for example, in ISPSD 1993 
(Proceedings of the 1993 International Symposium on Power Semiconductor 
Devices and ICs, Tokyo, pp. 71 — 76). 

[0005] The feature of this semiconductor device is that, since electrons are injected 
from the n2+ layer due to the operation of the thyristor, there will be a stronger 
modulation of the conductivity compared to an independent IGBT, and it is possible 
to realize a low ON voltage. Further, similar to an IGBT, since the ON and OFF 
states can be realized by the application and removal of voltage to the insulated 
gate, it is possible to maintain the feature of the gate circuit becoming extremely 
simplified, similar to a conventional IGBT. 

[0006] In the above conventional semiconductor device, there was the problem that 
the safe operation region was narrower compared to an IGBT, and also, it was hard 
for the device itself to become ON, and the ON voltage increased thereby increasing 
the loss. 
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[0007] On the other hand, as a method of suppressing the potential rise of the p- 
base layer, a device in which a Zener diode is inserted between the p-base layer and 
the collector electrode of the thyristor has been reported in Japanese Unexamined 
Patent Publication No. Hei 8-330570. 

[0008] However, there was still the problem that the safe operation region did not 
get improved even when a Zener diode is connected in this manner. 

SUMMARY OF THE INVENTION 

[0009] The purpose of the present invention is to provide an MIS controlled type 
complex semiconductor device with the feature that the safe operating region is wide 
while maintaining the features of ease of being switched ON and low resistive loss, 
and to provide an electric power conversion apparatus using such a device. 
[0010] In the present invention, the p-base layer and the emitter layer in the 
thyristor region in the MIS controlled thyristor are connected together using suitable 
nonlinear element. In other words, the p-base layer and the emitter layer are 
connected by a nonlinear element, which has a high resistance when the device is in 
the ON state, and has a low resistance in the turn-OFF state which determines the 
safe operating region. 

[0011] According to the present invention, the ON voltage becomes low since the 
thyristor operation occurs sufficiently in the ON state, and during turn-OFF, the p- 
base layer and the emitter layer are connected by a low resistance, and hence the 
potential of the p-base layer does not rise, thereby making it possible to obtain a 
wide safe operating region. 

[0012] Further, the present invention can also be applied when the conductivity 
types of the different semiconductor layers of the MIS controlled type thyristor are 
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reversed, that is the structure is one in which the p-type and the n-type are 
interchanged. 

BRIEF DESCRIPTION OF DRAWINGS 

[0013] Fig. 1 A and Fig. 1 B are drawings showing a preferred embodiment of the 
present invention. 

[0014] Fig. 2 is a diagram showing the electrical characteristics of the device of Fig. 1 . 
[0015] Fig. 3A and Fig. 3B are figures showing a conventional example. 
[0016] Fig. 4A and Fig. 4B are figures showing another conventional example. 
[0017] Fig. 5A and Fig. 5B are figures showing another preferred embodiment of 
the present invention. 

[0018] Fig. 6A and Fig. 6B are figures showing yet another preferred embodiment of 
the present invention. 

[0019] Fig. 7A and Fig. 7B are figures showing yet another preferred embodiment of 
the present invention. 

[0020] Fig. 8A and Fig. 8B are figures showing an example of configuring an 
inverter for driving a motor using a semiconductor device according to the present 
invention. 

[0021] Fig. 9A and Fig. 9B are figures showing yet another preferred embodiment of 
the present invention. 

[0022] Fig. 10 is a diagram showing an inverter apparatus using a semiconductor 
device according to the present invention. 

DETAILED DESCRIPTION OF THE EMBODIMENT 

[0023] Before describing the details of the present invention, firstly, the problems in 
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the two conventional technologies explained above will be described here concretely 
while referring to the drawings. 

[0024] To begin with, we shall explain about a conventional semiconductor device 
disclosed in the publication in Proceedings of the 1993 International Symposium on 
Power Semiconductor Devices and ICs, Tokyo, pp. 71-76. 

[0025] Figures 3A and 3B, respectively, show the cross-sectional structural view 
and the equivalent circuit of the conventional semiconductor device. This 
semiconductor device is formed by providing an n1 layer 2 and a p1 + layer 3 on the 
back surface of an n- substrate, (n- layer) 1 . On the front surface of the substrate is 
formed an insulated gate G consisting of an insulating film 4 and a gate electrode 5, 
and an n1+ layer 6 and an n2+ layer 7 are formed on the main front surface so that 
they extend below the insulated gate G. The p2+ layer 8 with a high impurity 
concentration and in contact with the n1+ layer 6 is formed from the main front 
surface, and the p1 layer 9 is provided so that it surrounds the n1+ layer 6. The p2 
layer 1 1 is provided so that it surrounds the n2+ layer 7. The emitter electrode 12 is 
provided so that it is in contact with the n1+ layer 6 and the p2+ layer 8. On the back 
surface of the substrate is provided the collector electrode 13 so that it is in contact 
with the p1+ layer 3. The p2 layer 1 1 and the emitter electrode 12 are connected via 
a semiconductor region not shown in the figure and the resistance between them is 
indicated as R1. 

[0026] As is evident from the equivalent circuit shown in Fig. 3B, this device 
contains a thyristor (Th1) configured by the pnp transistor (Q1) formed by the p1 + 
layer 3, the n- layer 1 , and the p2 layer 1 1 , and the npn transistor (Q2) formed by the 
n- layer 1 , p2 layer 1 1 , and the n2+ layer 7. This thyristor Th1 is connected to the 
emitter electrode 12 via the n-channel MISFET (M2) configured by the n- layer 1, the 



p2 layer 1 1 , and n2+ layer 7 and the n-channel MISFET (M1 ) configured by the n1 + 
layer 6, p1 layer 9, and the n- layer 1 . 

[0027] Further, the transistor Q1 is connected to the emitter electrode 12 via the 
resistor R1, and the p-channel MISFET (M3) configured by the p1 layer 9, 
n- layer 1 , and the p2 layer 1 1 , which MISFET M3 is in series with the lateral 
resistance (R3) of the p2 layer 11. In addition, there is an IGBT region consisting of 
M1 and the pnp transistor (Q3) configured by the p1+ layer 3, n- layer 1, and p1 layer 
9. In addition, in this device, there is a parasitic thyristor (Th2) comprising the npn 
transistor (Q4) configured by the n- layer 1 , p1 layer 9, and n1+ layer 6, and the pnp 
transistor (Q3). The p1 layer 9, which is the base layer of Q4, is connected to the 
emitter electrode 12 via the low resistance R2. Because of this, the current 
amplification factor of Q4 is low, and normally, Th2 does not go ON. In this manner, 
this conventional device can be considered to be a device in which an IGBT and 
thyristors are combined together. 

[0028] Next, the principle of operation of the conventional semiconductor device 
shown in Fig. 3A is described below. Firstly, to turn ON this semiconductor device, a 
positive voltage is applied to the collector electrode 13 and the gate electrode 5 with 
respect to the emitter electrode 12. Because of this, an n-type inversion layer will be 
formed on the surfaces of the p1 layer 9 and the p2 layer 1 1 under the insulated gate 
G (M1 and M2 become ON). Further, because an n-type accumulation layer is 
formed on the surface of the n- layer 1 under the insulated gate G, the emitter 
electrode 12 and the n2 layer 7 are connected via this n-type accumulation layer and 
M1, and M2. As a result of M1 becoming ON, electrons are injected into the n- layer 
1 via M1. Because of this electron injection, the potential of the n- layer 1 gets 
reduced, and holes are injected from the p1+ layer 3 into the n- layer 1 . The injected 
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holes get diffused in the n- layer 1 and are injected into the p2 layer 1 1 , which is the 
base layer of Q2. Because of this hole injection, the potential of the p2 layer 1 1 rises, 
and electrons are injected from the n2+ layer 7 (Q2 becomes ON). As a 
consequence, the thyristor Th1 becomes ON, and the semiconductor device goes 
into the ON State. 

[0029] On the other hand, in order to turn OFF the device, the gate electrode G is 
made to have the same potential as or is biased negatively with respect to the 
emitter electrode 12. As a result of this, the n- type inversion layer on the surface of 
the p1 layer 9 under the insulated gate G disappears, M1 and M2 become OFF 
shutting off electron injection from the n1+ layer 6 to the n2+ layer 7, thereby turning 
OFF Q1. During the process in which Q1 becomes OFF, the holes accumulated in 
the n- layer 1 which is the base of Q1 flow to the emitter electrode 12. As a 
consequence of Q1 ands Q3 having become OFF, even the injection of holes from 
the p1+ layer 3 gets shut off, and the semiconductor device goes into the OFF state. 
[0030] The feature of this conventional semiconductor device is that, since electron 
injection is made from the n2+ layer 7 because of thyristor action, a stronger 
conductivity modulation occurs compared to an independent IGBT, and hence it 
becomes possible to realize a low ON voltage. Also, similar to an IGBT, since the 
device can be turned ON and OFF by the application and removal of a voltage to the 
insulated gate, it is possible to maintain the feature of the gate circuit becoming 
extremely simple as in a conventional IGBT. 

[0031] The above conventional type of semiconductor device has the problem that 
the safe operation region is narrow compared to an IGBT. This is because, when the 
current becomes large, since holes flow into the P2 layer 1 1 which is the base of the 
thyristor Th1 at the time the device is turned OFF, the potential of the p2 layer 1 1 
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rises due to the resistances R1 and R3, and large voltages are applied between the 
p1 layer 9 and the n2+ layer 7 and between the p1 layer 9 and the gate G thereby 
causing these junctions to breakdown. At this time, if R1 and R3 are made small, the 
potential rise of the p2 layer 1 1 is reduced and the safe operating regions becomes 
wider However, at the same time, the current amplification factor of Q2 decreases, 
and it becomes difficult for the thyristor to get turned ON. Therefore, there is the 
problem that the entire device itself becomes harder to get turned ON, the ON 
voltage increases, and the loss increases. 

[0032] Next, as a method of suppressing the potential rise of the p-base layer, the 
semiconductor device disclosed in Japanese Unexamined Patent Publication No. 
Hei 8-330570 is described below in concrete terms by referring to Fig. 4A and Fig. 
4B. 

[0033] The cross-sectional structural diagram of this device is shown in Fig. 4A. In 
this semiconductor device, a p+ layer 202 is formed on the back surface of the n- 
substrate (n-1 layer) 201. A collector electrode (C) 203 is provided in contact with 
this P+ layer 202 via a low resistance. 

[0034] An insulated gate G201 G1 comprising a gate electrode 205 and an insulating 
film 206, and an insulated gate G202 G2 comprising a gate electrode 207 and an 
insulating film 208 are formed on the front surface of the n-substrate. The n+1 layer 
21 1 and the n+2 layer 212 are formed from the main front surface so that they reach 
below the insulated gate 204- Gl and are present on both sides of the insulated gate 
204- Gl. Further, the n+3 layer 21 3 is formed from the main front surface so that it 
reaches below the insulated gate 202 G2 and is present on the side of the insulated 
gate G202 G2 opposite to that of the n+2 layer 212. The p1 layer 214 is provided so 
that it encloses the n+1 layer 21 1 and the n+2 layer 212. The p2 layer 215 is 
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provided so that it encloses the n+3 layer 213. The electrode 204 is provided so that 
it is in contact with the n+1 layer 21 1 via a low resistance. 

[0035] The emitter electrode (E) 209 is formed so that it is in contact with the n+2 
layer 212 and the p1 layer 214 via a low resistance. The electrode 210 is provided 
so that it is in contact with the n+3 layer 21 3 via a low resistance. The electrodes of 
the insulated gates G201 G1 and G202 G2 are connected by a low resistance 
interconnection electrode. In addition, a Zener diode 220 is connected between the 
p2 layer 215, which is the p-base layer of the thyristor, and the emitter electrode with 
the cathode of the Zener diode being on the side of the p2 layer 215. 
[0036] The equivalent circuit of this complex semiconductor device is shown in Fig. 
4B. This device contains a thyristor (Th1) configured by the pnp transistor (Q1 ) 
formed by the p+ layer 202, the n-1 layer 201 , and the p2 layer 215, and the npn 
transistor (Q2) formed by the n-1 layer 201 , p2 layer 215, and the n+3 layer 213. 
This thyristor Th1 is connected to the emitter electrode (E) 209 via the electrode 210, 
interconnection electrode , e l ectrod e 204, insulated gate G201 G1 , and the n-channel 
MISFET (M2) configured by the n+1 layer 211, the p1 layer 214, and n+2 layer 212. 
Further, the source and drain of the n-channel MISFET (M1 ) configured by the n+3 
layer 213, p2 layer 215, and the n-1 layer 201 are respectively connected to the 
emitter and collector of the transistor Q2. The p-channel MISFET (M3) configured by 
the p1 layer 214, the n-1 layer 201, and the p2 layer 215 is provided between the p1 
layer 214 and the p2 layer 215. In addition, a Zener diode 220 is connected between 
the p2 layer 215 and the emitter electrode. The cathode of this diode 220 is 
connected to the p2 layer 21 5, which is the p-base layer of the thyristor. The Zener 
voltage of this Zener diode 220 in this case is made lower than the breakdown 
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voltage between the source and drain of the MISFET (M2), that is, between the n+1 
layer 21 1 and the n+2 layer 212. 

[0037] The operation of this device is almost the same as the operation of the device 
shown in Fig. 3A. In the device of Fig. 4A, the potential of the p2 layer 215 rises at 
the time of switching, and the voltage applied to M2 connected in series with the 
thyristor also rises. However, since the potential of the p2 layer 212 does not exceed 
the Zener voltage due to the operation of the Zener diode 220, the voltage applied to 
M2 will at the most be equal to the Zener voltage, and hence, a voltage exceeding 
the breakdown voltage of M2 will not be applied to M2. Therefore, there will be no 
breakdown of M2, and hence the safe operating region becomes wider. However, in 
the conventional device of Fig. 3A, the breakdown voltage of the MISFET (M2) 
connected in series with the thyristor is high, and since the mechanism determining 
the safe operating region is different from that of the device of Fig. 4A, there will be 
no improvement in the safe operating region in the device of Fig. 3A even if a Zener 
diode having similar characteristics as that of the conventional device of. Fig. 4A is 
connected. 

[0038] The semiconductor device according to the present invention to be 
described below is a complex semiconductor device in which the above 
disadvantages have been improved upon, that is, an MIS controlled type complex 
semiconductor device in which the features of ease of switching ON and low 
resistive loss are maintained, and at the same time, a wide safe operation region has 
been achieved. 

[0039] The preferred embodiments of the present invention are described below in 
detail while referring to the figures. 
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[PREFERRED EMBODIMENT 1] 

[0040] Figures 1 A and 1 B, respectively show the cross-sectional structural view and 
the equivalent circuit of the semiconductor device according to one preferred 
embodiment of the present invention. This semiconductor device is formed by 
providing an n1 layer 2 and a p1+ layer 3 on the back surface of an n- substrate (n- 
layer) 1 . On the front surface of the substrate is formed an insulated gate G 
consisting of an insulating film 4 and a gate electrode 5, and an n1+ layer 6 and an 
n2+ layer 7 are formed on the main front surface so that they extend below the 
insulated gate G. The p2+ layer 8 with a high impurity concentration and in contact 
with the n1+ layer 6 is formed from the main front surface, and the p1 layer 9 is 
provided so that it surrounds the n1+ layer 6. The p2 layer 1 1 is provided so that it 
surrounds the n2+ layer 7. The emitter electrode 12 is provided so that it is in contact 
with the n1 + layer 6 and the p2+ layer 8. On the back surface of the substrate is 
provided the collector electrode 13 so that it is in contact with the p1+ layer 3. The p2 
layer 1 1 and the emitter electrode 12 are connected via a nonlinear element S. Here, 
in the device according to the present invention, the resistance R1 of the 
conventional device is so large that it can be ignored. 
[0041] Consequently, as can be seen from the equivalent circuit, it can be 
considered that the semiconductor device according to the present preferred 
embodiment has a structure in which the resistance R1 in the equivalent circuit of the 
conventional device has been replaced by a nonlinear element S. 
[0042] The current-voltage characteristic that this nonlinear element has to satisfy is 
shown in Fig. 2. The direction of the current through the nonlinear element indicated 
in Fig. 2 is taken to be positive when it is in the direction of the arrow mark indicated 
next to the nonlinear element in Fig. 1 A. In this figure, the collector voltage at which 
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the main device is in the ON state and is conducting the rated current 11 (A) is 
indicated by the ON voltage VCEsat (V). This nonlinear element S becomes ON and 
starts conducting a current when the collector voltage of the main device becomes 
equal to the ON voltage VCEsat + V1 (V), and conducts a current equal to 11 when 
the collector voltage is equal to VCEsat + V2 (V). While the value of VCEsat varies 
depending on the breakdown voltage of the main device, the value of VCEsat + V1 is 
roughly 10V or less. It is preferable that 0V<V1*1V or less. In addition, it is preferable 
that the resistance of the nonlinear element S in the ON state Rs=(V2-V1)/l1 is low, 
and, in practice, it is appropriate that Rs <0.01. As long as this nonlinear element 
satisfies the above conditions, it can be formed on the same chip as the main device 
or can be provided in the form of a separate chip. Further, in specific terms, this 
nonlinear element can be prepared using nonlinear elements such as diodes, bipolar 
transistors, MOSFETS, etc., either individually or in combination, so that the above 
conditions are satisfied. 

[0043] In the semiconductor device according to the present preferred embodiment, 
in the ON state, the nonlinear element S is in the OFF state with the p-base layer at 
a floating potential, and the current amplification factor of Q2 is still high. Therefore, 
the electron injection into the [[n-1]] rv layer 1 from Q2 becomes significant, and 
hence a low ON voltage is obtained. Further, at the time of turning OFF of the main 
device, although the voltage of the p2 layer 1 1 increases with the collector voltage, 
when the collector voltage increases and the nonlinear element S becomes ON, the 
p-base layer is connected to the emitter electrode 12 by the nonlinear element that 
has gone into the low resistance state. As a result, the potential of the p-base layer 
does not rise, and hence a wide safe operation region will be obtained. Furthermore, 
in a situation in which the load gets shorted in the ON state, since the nonlinear 
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element becomes ON if the collector voltage increases, the current amplification 
factor of Q2 decreases, and hence the saturation collector current Isat of the main 
device gets reduced compared to a conventional device. Because of this, even if a 
load short-circuit accident occurs, the heat generated in the device will be small and 
hence a high short-circuit resistance is achieved. 

[PREFERRED EMBODIMENT 2] 

[0044] Another preferred embodiment of the present invention is shown in Fig. 5A. 
The equivalent circuit of the semiconductor device shown in Fig. 5A is shown in Fig. 
5B. This preferred embodiment is one in which a Zener diode is used as the 
nonlinear element S of Fig. 1 A. The p2 layer 1 1 is connected to the emitter electrode 
(E) 12 via the Zener diode D1 . Here, the anode of D1 is connected to the emitter 
electrode 12. The breakdown voltage of D1 has been set to be larger than the 
voltage of the p2 layer 1 1 when the main device is in the rated ON state, so that the 
conditions expected of the nonlinear element described above are satisfied. In 
addition, the resistance of D1 after breakdown has been set at a sufficiently low 
value. 

[0045] In the present preferred embodiment, when the collector voltage increases 
and the potential of the p2 layer 1 1 increases and exceeds VCEsat + V1 (V), the 
Zener diode D1 breaks down, and the p2 layer 1 1 gets shorted to the emitter 
electrode 12 via a low resistance. Because of this, it is possible to expect effects 
similar to those in the preferred embodiment of Fig. 1 A. 

[0046] In this preferred embodiment, although a Zener diode D1 was used as the 
nonlinear element S, as long as the conditions are satisfied, it is possible to obtain 
similar effects if the conditions of the above nonlinear element are satisfied by 
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connecting a single or multiple diodes with the anode of the diode connected to the 
p2 layer 1 1 . 

[PREFERRED EMBODIMENT 3] 

[0047] Another preferred embodiment of the present invention is shown in Fig. 6A. 
This preferred embodiment is one in which several Zener diodes are used as the 
nonlinear element S of Fig. 1, and are provided on the same substrate as the main 
semiconductor device. Further, the equivalent circuit of the semiconductor device 
shown in Fig. 6A is shown in Fig. 6B. The Zener diodes are formed by layers of 
polycrystalline Si. Here, the p3+ layer 15 is provided by connecting with the p2 layer 
1 1 via a low resistance, the n3+ layer 16 is provided neighboring the p3+ layer 15, 
and further, the p4+ layer 17 is provided neighboring the n3+ layer 16, and the p4+ 
layer 17 is connected to the emitter electrode (E) 12 via a low resistance. 
[0048] As is shown in the equivalent circuit in Fig. 6B, in the present preferred 
embodiment, the Zener diode D2 formed by the p3+ layer 15 and the n3+ layer 16, 
and the Zener diode D3 formed by the p4+ layer 17 and the n3+ layer 16 are 
provided in a back-to-back manner between the p2 layer 1 1 and the emitter 
electrode 12. 

[0049] Here, if the series connected diodes D2 and D3 are made to satisfy the 
conditions of the above nonlinear element, it is possible to expect effects similar to 
those in the preferred embodiment of Fig. 1 A. In addition, in this preferred 
embodiment, since the nonlinear element is formed on the same chip as the main 
device, it is possible to make the reliability higher and also to reduce the number of 
components. 



[PREFERRED EMBODIMENT 4] 
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[0050] Another preferred embodiment of the present invention is shown in Fig. 7A. 
This preferred embodiment is one in which a p-channel MOSFET is used as the 
nonlinear element S of Fig. 1 A and is provided on the same substrate as the main 
semiconductor device. The difference between this preferred embodiment and the 
preferred embodiment of Fig. 1A is that, instead of the nonlinear element S, the p3 
layer 18 is provided in contact with the front surface of the substrate, and a gate G2 
is provided in contact with the p2 layer 1 1 and the p3 layer 18. In addition, the p3 
layer 18 and the gate G2 are connected to the emitter electrode 12 via low-value 
resistances. As is shown in the equivalent circuit of Fig. 7B, this MOSFET is 
represented as the MOSFET (MS) (M4) provided between the p2 layer 1 1 and the 
emitter electrode 12. 

[0051] In this preferred embodiment, the gate G2 is connected to the emitter 
electrode 12 so that M3 M4 satisfies the above conditions of the nonlinear element. 
In addition, M3 has been provided so that the potential of the p2 layer 1 1 becomes 
equal to the threshold voltage of G2 when the collector voltage becomes equal to 
VCEsat + V1 . Therefore, when the collector voltage exceeds VCEsat + V1 (v), since 
M3 M4 becomes ON and connects the p2 layer 1 1 with the emitter electrode 12 via a 
low resistance, it is possible to expect effects similar to that in the preferred 
embodiment of Fig.1 A. In addition, in the present preferred embodiment, since the 
nonlinear element is prepared by a planar process, it is possible to manufacture a 
device with a high precision and high reliability. 

[0052] Also, in this preferred embodiment, although an example using a p-channel 
MOSFET as the nonlinear element was given, it is also possible to provide a similar 
device using an n-channel MOSFET. 
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[PREFERRED EMBODIMENT 5] 

[0053] Another preferred embodiment of the present invention is shown in Fig. 8A. 
This preferred embodiment is an example in which the present invention is applied to 
other semiconductor devices. In this semiconductor device, the n1 layer 2 and the 
p1+ layer 3 are formed on the back surface of the n-substrate (n- layer) 1 . On the 
front surface of the substrate is formed an insulated gate G consisting of an 
insulating film 4 and a gate electrode 5, and an additional insulated gate G3 is 
formed consisting of an insulating film 4 and a gate electrode 5. An n1+ layer 6 is 
formed to extend below the insulated gate G and an n2+ layer 7 is formed so that it 
extends below both the insulated gates G and G3, with both layers being formed on 
the main front surface. The p2+ layer 8 with a high impurity concentration and in 
contact with the n1+ layer 6 is formed from the main front surface, and the p1 layer 9 
is provided so that it surrounds the n1+ layer 6 and the n2+ layer 7. The emitter 
electrode 12 is provided so that it is in contact with the n1+ layer 6 and the p2+ layer 
8. On the back surface of the substrate is provided the collector electrode 13 so that 
it is in contact with the p1 + layer 3. A nonlinear element satisfying the conditions 
given in the preferred embodiment 1 is connected between the emitter electrode 12 
and the part on the surface that neighbors the n2+ layer 7 of the p1 layer 9. In this 
preferred embodiment, a Zener diode D1 is connected as the nonlinear element with 
its anode on the emitter electrode side. As the nonlinear element, it is sufficient to 
provide, apart from a Zener diode as in this preferred embodiment, other 
combinations of diodes, MOSFETs, bipolar transistors, etc., so that the conditions 
given in the preferred embodiment 1 are satisfied, and it is possible to provide such 
devices either on the same substrate as the main device te or provide them on a 
separate chip and connect them using interconnections. 
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[0054] As is shown in the equivalent circuit of Fig. 8B, the device according to the 
present preferred embodiment contains a thyristor (Th1) configured by the pnp 
transistor (Q1 ) formed by the p1 + layer 3, the n- layer 1 , and the p1 layer 9, and the 
npn transistor (Q2) formed by the n- layer 1 , p1 layer 9, and the n2+ layer 7. This 
thyristor Th1 is connected to the emitter electrode 12 via the n-channel MISFET (M1 ) 
configured by the n1+ layer 6, p1 layer 9, and the n2+ layer 7. At the same time, the 
transistor Q1 is connected to the emitter electrode 12 via the lateral resistance (R4) 
below the n2+ layer 7 of the p1 layer 9 and the lateral resistance (R2) below the n1 + 
layer 6. In addition, a Zener diode D1 is connected in parallel with these resistances 
R4 and R2. In addition, there is a parasitic thyristor (Th2) comprising the pnp 
transistor (Q3) configured by the p1+ layer 3, n-layer 1 , and p1 layer 9 arid the npn 
transistor (Q4) configured by the n- layer 1, p1 layer 9, and n1+ layer 6. 
[0055] The p1 layer 9, which is the base layer of Q4, is connected to the emitter 
electrode 12 via the low resistance R2. Because of this, the current amplification 
factor of Q4 is low, and normally, Th2 does not go ON. 

[0056] In the semiconductor device according to the present preferred embodiment, 
a low ON voltage is obtained in the ON state due to the operation of Th1 . In addition, 
since Th1 is connected in series with M1 , it is possible to switch ON and OFF the 
device by the application and removal of voltage to the insulated gate. At the time of 
turning OFF of the device according to the present preferred embodiment, the holes 
accumulated in the n- layer flow to the emitter electrode via the p1 layer 9 and the 
p+2 layer 8. 

[0057] When the collector current increases and the hole current increases, the 
potential of the p1 layer 9 rises due to the voltage drop across R4. Normally, when 
the potential of the p1 layer 9 rises, the turning OFF of the device fails because the 
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junction between the p1 layer 9 and the n2+ layer 7 undergoes voltage breakdown 
bu t. But , in the device according to the present invention, since the Zener diode D1 
has been provided, when the potential of the p1 layer 9 rises, the Zener diode D1 
breaks down and the p1 layer gets short-circuited to the emitter electrode[[,]]. 
Therefore , there is no possibility of the potential of the p1 layer [[11]] 9 rising 
unnecessarily high even if the collector current increases, and hence a wide safe 
operation region will be maintained. 

[PREFERRED EMBODIMENT 6] 

[0058] Another preferred embodiment of the present invention is shown in Fig. 9A. 
This preferred embodiment is an example in which the present invention Is applied to 
other semiconductor devices. In this semiconductor device, the n1 layer 2 and the 
p1+ layer 3 are formed on the back surface of the n-substrate (n- layer) 1 . On the 
front surface of the substrate is formed an insulated gate G consisting of an 
insulating film 4 and a gate electrode 5. An n1+ layer 6 is formed so that it extends 
below the insulated gate G. The p2+ layer 8 with a high impurity concentration and in 
contact with the n1+ layer 6 is formed from the main front surface, and the p1 layer 9 
is provided so that it surrounds the n1+ layer 6. The emitter electrode 12 is provided 
so that it is in contact with the n1+ layer 6 and the p2+ layer 8. On the back surface 
of the substrate is provided the collector electrode 13 so that it is in contact with the 
p1+ layer 3. The p3 layer 20 is formed from the main front surface of the substrate 
so that it reaches below the insulated gate G, and a nonlinear element satisfying the 
conditions given in the preferred embodiment 1 is connected between the emitter 
electrode 12 and the p3 layer 20. In this preferred embodiment, a Zener diode D1 is 
connected as the nonlinear element with its anode on the emitter electrode side. As 
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the nonlinear element, it is sufficient to provide, apart from a Zener diode as in this 
preferred embodiment, other combinations of diodes, MOSFETs, bipolar transistors, 
etc., so that the conditions given in the preferred embodiment 1 are satisfied, and it 
is also possible to provide such devices either on the same substrate as the main 
device to provide them on a separate chip and connect them using interconnections. 
[0059] As is shown in the equivalent circuit of Fig. 9B, the device according to the 
present preferred embodiment comprises an IGBT configured by a pnp transistor 
(Q3) configured by the p1+ layer 3, the n- layer 1, and the p1 layer 9, and a 
MOSFET (M4) configured by the n1+ layer 6, the p1 layer 9, and the n- layer 1 , and 
also a parasitic thyristor (Th2) comprising the pnp transistor (Q3) and npn transistor 
(Q4) A configured by the n- layer 1 , the p1 layer 9, and the n1+ layer 6. The p1 layer 9 
forming the base layer of npn transistor Q4 is connected to the emitter electrode 12 
via a low-value resistance R2. In addition, the pnp transistor (Q1) configured by the 
p1 + layer 3, the n- layer 1 , and the p3 £4 layer 20 is connected to the collector of 
Q3 as well as the emitter electrode 12 via the diode D1 , and the p-channel MOSFET 
(M3) configured by the p3 layer 20, the n- layer 1 , and the p1 layer 9. 
[0060] In the semiconductor device according to the present preferred embodiment 
of the invention, at the time the device is turned OFF, the holes accumulated in the 
n- layer flow to the emitter electrode via the p1 layer 9 and the p+2 layer 8. Normally, 
when the collector current rises and the hole current increases consequently, the 
potential of the p1 layer 9 increases due to the voltage drop across R2 and the 
parasitic thyristor Th2 operates, thereby causing the turn-OFF operation to fail. But, 
in the device according to the present invention, since the Zener diode D1 has been 
provided, when the potential of the p1 layer 9 rises, the p1 layer 9 get becomes 
short-circuited to the emitter terminal 12 because the diode D1 brakes breaks down. 
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As a consequence, Th2 do e s hardly becom e becomes ON even if the collector 
current increases, and hence a wide safe operation region is maintained. 
[PREFERRED EMBODIMENT 7] 

[0061] Figure 10 shows an example of the configuration of an inverter apparatus for 
driving induction electric motors, which is an electrical power conversion apparatus 
using the semiconductor device according to the present invention. This is an 
example in which a voltage type inverter circuit is configured using six semiconductor 
devices according to the present invention thereby controlling a 3-phase induction 
motor, and the basic circuit of this apparatus comprises semiconductor devices as 
per the present invention^ a flywheel diode 102, a snubber diode +04 103 , a snubber 
resistor 104, and a snubber capacitor 105. In contrast with any conventional 
apparatus, it has become possible to minimize the snubber circuit and to eliminate it, 
due to the use of the semiconductor device according to the present invention. In 
addition, because the devices have a low loss, even the cooling unit for the 
apparatus can be made smaller in size. Therefore, it was is possible to substantially 
miniaturize the electrical power conversion unit. 

[0062] By connecting the base layer of the thyristor and the emitter layer 12 using an 
appropriate nonlinear element, it is possible to realize a small resistive loss (the ON 
voltage), while at the same time obtaining a complex semiconductor device, and also 
to realize a power conversion apparatus with a greatly reduced loss and a smaller 
size. 



20 



